Abstract. Sengers syndrome is an autosomal recessive mitochondrial disease comprising a tetrad of congenital cataract, hypertrophic cardiomyopathy, skeletal myopathy and lactic acidosis. Mutations in the AGK gene cause Senger syndrome. We describe two unrelated Asian Indian families with two novel mutations, c.909 G>A (p.Trp303Ter) and c.982G>T (p.E328Ter), in the AGK gene. Similar nonsense mutations have previously been reported with a severe phenotype and early infantile death, while this patient is doing well at 3 years, suggesting a mild phenotype.
Introduction
Sengers syndrome (MIM 212350) is a rare autosomal recessive mitochondrial disorder characterized by congenital cataracts, hypertrophic cardiomyopathy, skeletal myopathy, lactic acidosis and normal cognition [3, 8, 14, 21] . About 40 patients with Sengers syndrome have been reported worldwide [6, 11, 15, 18, 23, 24] . The clinical course is variable with early death at the severe end of the spectrum and a late onset, slowly progressive phenotype with survival to the fourth decade at the milder end [6] . AGK gene converts diacylglycerol (DAG) and monoacylglycerol (MAG) to phosphatidic and lysophosphatidic acid which helps in phospholipid synthesis. Excess accumulation of DAG and MAG 158
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leads to formation of reactive oxygen species (ROS) and oxidative damage of organs containing mitochondria [10] . Dysfunction of acylglycerol kinase (AGK) results in increased DAG levels with increased stimulation of ROS detoxification pathways. Less formation of phosphatidic acids will cause changes in the lipid composition of the inner mitochondrial membrane, affecting respiratory chain complexes, the adenine nucleotide translocator and protein import [8, 22] . Two simultaneous publications identified the molecular basis of the disorder [11, 16] .
Here we present two families in whom Sengers syndrome was confirmed on molecular testing. Two novel mutations were observed, while the phenotype-genotype correlation varied from that reported in the literature in both the patients.
Case 1
The first child (III 1) was born at term to non consanguineous parents. After a term, normal vaginal delivery, the neonate did not cry at birth. He was noted to have hydrocephalus and severe hypotonia. He remained in the neonatal intensive care unit till day 20 of life when he died without a definite diagnosis.
The proband (III 2) had an uneventful antenatal history. He was born at term with normal APGAR score. Bilateral cataracts were noted on day 3 of life. During evaluation at 2 months of age for cataract surgery he was incidentally detected to have left ventricular hypertrophy. He had mild motor developmental delay. At the age of 5 months he presented to the genetic clinic with history of feeding difficulty and respiratory distress for past few days.
On examination, his weight was 7.5 kg (75th centile), length 68 cm (90th centile) and occipitofrontal circumference 40 cm (3rd centile). There was no facial dysmorphism. There was cataract in one eye and the second was aphakic. Neck holding was partial, he followed light and social smile was present. There was mild tachypnea. The liver was palpable 3 cm below the right costal margin. Neurological examination was normal. Investigations revealed normal hematological, renal and thyroid profiles. The creatine kinase level was 121 IU/L Blood lactate was elevated (56.80 mg/dl) and ammonia was normal (78.0 mol/l). Urine gas chromatography/mass spectrometry (GC/MS) and blood tandem mass spectrometry (TMS) did not reveal any abnormal metabolites. The blood FGF-21, a marker of mitochondrial disease [13] , was 766 pg/ml (normal<13.5). A panel of nuclear encoded mitochondrial genes were analysed by next generation sequencing. Two novel variations in AGK gene, [c.982G>T (p.E328Ter) in exon 14 and c.909G>A (p.W303Ter) in exon 13] were identified, consistent with the diagnosis of Sengers syndrome. These variations are not reported in 1000Genome [1] and ExAC [17] and are predicted to be disease causing by MutationTaster [2] . These variations were present in a region of the gene that is conserved in mammals. Based on the standard guidelines for interpretation of sequence variants, they are predicted to be pathogenic [20] .
Protein structure of the AGK is still not identified and prediction of secondary structure of AGK protein sequence was done by using PSIpred software [12] . PSIpred predicted the loss of functional protein due to both truncating mutations at aminoacids 303 and 328. Results are shown in Fig. 1 . 
Case 2
The first child is alive and healthy. The second baby was reported to have died on day 2 of life due to aspiration. The third child was detected to have cataracts at birth and subsequent developmental delay with failure to thrive. He died undiagnosed at 18 months of age.
The proband (IV 4), was a 5-month-old boy, born to consanguineous parents of Asian Indian origin, with bilateral cataracts, developmental delay and failure to thrive. On clinical examination the proband had failure to thrive with sunken eyes and growth parameters <3rd centile (head circumference 40 cm; weight 4865 g). Except for sparse scalp hair there was no other dysmorphism. Roving movements of eyes and bilateral cataract were present. The neurological examination was normal except for exaggerated deep tendon reflexes in all limbs. The liver was just palpable. Clinical examination of the cardiovascular and respiratory system was normal. His complete blood count, liver function tests, arterial blood gas, creatine kinase, echocardiography, brain magnetic resonance imaging and magnetic resonance spectroscopy were normal. The urine metabolic screen, TMS and high performance liquid chromatography (HPLC) of urine for amino acids were normal as was screening for galactosemia, peroxisomal disorders and congenital disorders of glycosylation. A raised serum lactate of 46 mg/dl and elevated lactate, fumarate and ketones in the urine GC/MS suggested a mitochondrial pathology.
As analysis of respiratory chain enzyme is not available in India, exome sequencing was performed. This identified two previously reported pathogenic variations, c.424 -3C>G and c.841C>T(p.R281*) in the AGK gene shown in Fig. 2 . This confirmed the diagnosis of Sengers syndrome.
Discussion
Molecular basis of Sengers disease was first identified in 2012 and since then, only around 40 families have been diagnosed with Sengers syndrome to the best of our knowledge [7, 11] . After the review of published literature related to Sengers syndrome, we found that milder phenotypes of the disease have at least one splice site or start codon mutation as compared to a severe presentation and early death in patients with biallelic nonsense mutations [11] .
We report two patients, with affected siblings, from two unrelated families, with causative mutations in the AGK gene. The first child, presented with the phenotype of cardiomyopathy, cataracts and elevated lactate, he is currently 3 years old and stable inspite of having two nonsense mutations while the second child presented with bilateral cataract and failure to thrive and died in infancy and had one splice site mutation.
Both our cases are contrary to usual clinical phenotype severity and mutations. Biallelic nonsense mutations in the AGK gene present as the severe, infantile phenotype. They manifest within the first few months of life and do not survive beyond their first birthday. Table 1 compares phenotype of the proband in Family 1 and other similar patients reported in literature [11, 16] . Case 1 was compound heterozygous for two novel loss of function, nonsense mutations in Table 1 Comparison of clinical features in patients with biallelic nonsense mutations the AGK gene. Growth failure, reported in these patients, within the spectrum of a mitochondriopathy typically occurs due to disruption of ATP generation with the OXPHOS pathway [3] . However, growth parameters were age appropriate in the index case 1 despite severe protein truncation mutations. The child is 3 years old, developing well with relatively age appropriate development and stable cardiac status. He has been operated for the bilateral cataract. This could partly be due to early recognition of the multisystem phenotype, appropriate referral and timely molecular diagnosis that has helped to plan appropriate symptomatic, multidisciplinary management. However, we assume some modifying factors for this mild phenotype inspite of having truncating mutations which needs to be explored. Table 2 compares the clinical features of reported patients and those in this study who harbour the one splice site and nonsense mutations. Both mutations (424-3C>G and c.841C>T) in the proband of family 2 were previously reported [4, 16] .
Though both mutations predict a loss of function for the protein, the presence of one AGK splice site mutation usually favours a milder phenotype with longer survival [11] . This splice site mutation skips exon 8 resulting in a frameshift, premature truncation of the protein but a small amount of normally spliced transcript can still be formed. Aldahmesh et al. report three patients with homozygous 424-3C>G mutations in AGK gene with an isolated non syndromic congenital cataract, describing the mildest phenotype associated with mutations in AGK gene [4] .
In contrast, our patient presented with a severe mitochondrial energy deficient phenotype and died within the first year of life. The absence of cardiomyopathy typically seen in the severe phenotype could be explained as a function of the previously reported mild phenotype with c.424-3C>G mutation due to presence of some amount of the normal protein [11] . There are only three previously reported patients with biallelic nonsense and splice site mutations [5, 11, 16] . They presented with a combination of cardiomyopathy, cataract and skeletal muscle weakness. However unlike the severe phenotype observed in our patient, all had milder presentations with one patient who died at 18 yrs and the other two are alive at 10 and 12 yrs. More literature is needed to explore the genotype phenotype in this combination of mutations. This child in addition was noted to have thin sparse hair and dry and rough skin that has not previously been reported. This could be related to the failure to thrive present in the child. The sibling (III 3) of family 2 had similar manifestations and died at 18 months. It is possible that the neonatal death in this family could be an undetected, severe lactic acidosis with cardiorespiratory collapse previously described in Sengers disease [7] .
Sengers syndrome is an autosomal recessive mitochondrial disorder due to biallelic mutations in the nuclear-encoded mitochondrial gene. There is no definitive treatment [19] and families need to be counselled of the recurrence risk of 25% in each conception. Once the mutations are identified in the proband, prenatal testing at 11 weeks gestation in a chorionic villi sample is an option that can be discussed with the families. Recognition of the typical phenotype and molecular studies to confirm the diagnosis is imperative for appropriate management and genetic counselling [9] .
